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Abstract
Apicomplexan parasites Toxoplasma gondii and Plasmodium spp. use latent stages to persist in the 
host, facilitate transmission, and thwart treatment of infected patients. Therefore, it is important to 
understand the processes driving parasite differentiation to and from quiescent stages. Here, we 
discuss how a family of protein kinases that phosphorylate the eukaryotic initiation factor-2 (eIF2) 
function in translational control to drive differentiation. This translational control culminates in 
reprogramming of the transcriptome to facilitate parasite transition towards latency. We also 
discuss how eIF2 phosphorylation contributes to the maintenance of latency and provides for a 
crucial role in the timing of reactivation of latent parasites towards proliferative stages.
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Post-transcriptional gene regulation is essential to parasite latency
The apicomplexans Toxoplasma gondii and Plasmodium spp. are widespread obligate 
intracellular parasites of significant medical importance. Latent developmental stages feature 
prominently in their lifecycles and latency (see Glossary) is associated with transmission. In 
an effort to develop new strategies to control these parasites and stem their transmission, it is 
necessary to better understand the processes governing their transition from replicative to 
latent stages. Determining the gene regulatory mechanisms involved in the maintenance of 
latency and the conversion to replicative stages after transmission may also reveal 
*Correspondence: wjsulliv@iu.edu. 
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
HHS Public Access
Author manuscript
Trends Parasitol. Author manuscript; available in PMC 2018 December 01.
Published in final edited form as:
Trends Parasitol. 2017 December ; 33(12): 947–960. doi:10.1016/j.pt.2017.08.006.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
exploitable strategies to control these parasites. While epigenetic and transcriptional gene 
regulatory regimens are crucial driving forces of parasite differentiation [1,2], recent 
findings indicate that post-transcriptional gene regulation also plays an important role in 
these processes. Here, we discuss an emerging paradigm in which the control of protein 
synthesis is essential for the initiation, maintenance, and relief of parasite latency.
The integrated stress response (ISR) is a post-transcriptional mechanism of gene regulation 
that is widely conserved in eukaryotes. Managed through the stress-induced phosphorylation 
of the alpha subunit of eukaryotic initiation factor 2 (eIF2), the ISR transiently represses 
protein synthesis while promoting the selective translation of a subset of mRNAs that 
typically serve to alleviate and/or adapt to the stress [3]. This translational control scheme 
allows for a rapid programing of gene expression and insures that resources are best utilized 
for full implementation of the ISR. In other organisms, this translational control can also 
play a role in cell differentiation by processes that involve activation of the ISR [4–7] and 
this activity appears to be a major consequence of ISR activation in apicomplexan parasites. 
Here, we illustrate the importance of latency to the life cycles and transmission of 
Toxoplasma and Plasmodium, as well as how stress and environmental sensing play an 
essential role in the conversion towards latency. We also address how the activation of the 
ISR is regulated in these parasites and how the gene regulatory outcomes drive the initial 
stages of the differentiation process. Finally, in light of eIF2 phosphorylation being 
maintained in latent parasites, we discuss how translational repression plays a key role in 
sustaining latency and how the relief of translational repression contributes to conversion 
from latency into proliferative stages after transmission.
Parasite transmission requires latency
Although both parasites are apicomplexans, the life cycles of Plasmodium spp. and 
Toxoplasma gondii are quite different, each consisting of a unique series of replicative and 
latent stages. A newly acquired infection most commonly occurs when transmissible latent 
parasites are introduced from one host to the next. The parasites then progress through one 
or more replicative stages in the new host before differentiating into latent stage parasites 
with the ability to perpetuate transmission. For clarity of discussion, we will briefly 
highlight the key latent stages of the Plasmodium spp. and Toxoplasma gondii life cycles 
(Figure 1).
Completion of the Plasmodium life cycle requires the parasite to alternate between the 
Anopheles mosquito and vertebrate hosts with the last of the parasite’s developmental stages 
in both organisms being characterized as both latent and transmissible [8,9]. Transmission to 
the vertebrate host occurs when an infected mosquito takes a blood meal, transferring the 
latent sporozoites that reside in the infected mosquito’s salivary glands. The sporozoites 
travel to the liver where they invade hepatocytes and differentiate into liver stage parasites. 
While in the liver, certain plasmodial species, most notably Plasmodium vivax, have the 
ability to differentiate into hypnozoites, a quiescent stage that can serve as a reservoir for 
malaria relapse in the host for years [10]. Upon exiting the liver merozoites invade red blood 
cells, where they sequentially progress through the ring, trophozoite, and schizont stages 
before releasing new merozoites that are responsible for initiating the characteristic cyclical 
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infection of new red blood cells [11]. A small proportion of blood stage parasites undergo a 
developmental switch to form male and female gametocytes, which are sexually committed 
transmissible stages that remain latent while in the vertebrate host for weeks [11]. The 
gametocytes are taken up by the mosquito in the blood meal and then differentiate into 
gametes in the mosquito gut. After zygote fertilization, ookinetes penetrate the midgut 
epithelium of the mosquito and differentiate into oocysts, which produce sporozoites that 
travel to the mosquito salivary glands. Salivary gland sporozoites remain quiescent until 
transmitted to a vertebrate host, thus completing the cycle [11].
Toxoplasma is one of the most prevalent parasites in the world and infection is acquired 
orally when a warm blooded animal ingests contaminated food or water. While clonal 
expansion can occur through scavenging and predation by intermediate hosts, the parasite is 
able to sexually reproduce in the epithelium of the feline gut [12–14]. An infected feline is 
able to shed millions of oocysts into the environment where they undergo sporulation [12]. 
Oocysts are resistant to most environmental factors and may persist for years, eventually 
contaminating the soil, water supply, and surfaces of vegetation [12]. After consumption by 
warm blooded animals, sporozoites are released from the oocyst and infect the gut 
epithelium where they differentiate into tachyzoites [13]. Tachyzoites go on to infect a 
variety of cell types, causing a systemic infection that may produce mild symptoms in most 
healthy animals [13,15]. Upon induction of the immune response, tachyzoites differentiate 
into quiescent bradyzoites that reside within tissue cysts [16]. Found predominantly in long-
lived tissues such as muscle and neuronal tissues, tissue cysts are thought to persist for the 
life of the host [13,15,16].
Although the specifics of stage progression vary between these two parasites, it is important 
to note the recurrent theme that latency is positioned at the crux of both persistence and 
transmission. Since the development of latent stages is associated with changes in the 
parasite environment, it follows that environmental sensing and cell signaling mechanisms 
are involved in the conversion from proliferative to dormant stages.
Stress induces latency
Experiments examining conversion from tachyzoites to bradyzoites in Toxoplasma highlight 
a role for cellular stress in prompting bradyzoite differentiation and highlight the active 
involvement of parasite-derived factors in modulating this switch. Through the secretion of 
GRA15, differentiation-competent parasites activate the host NF-κB, in turn inducing 
interferon γ (IFNγ) expression [17,18]. IFNγ upregulates indoleamine 2,3 dioxygenase and 
inducible nitric oxide synthase which scavenge tryptophan and arginine, both amino acids 
for which Toxoplasma is an auxotroph [19–21]. While the starvation of amino acids is in 
itself a stressful stimulus [3], the production of nitric oxide has long been recognized as an 
established and important driver of bradyzoite conversion and maintenance [20]. Taken 
together, a picture emerges where the particularities of the host environment play an integral 
role in mediating parasite latency. Other host-derived factors also contribute to mediating 
parasite latency [22]. For example, spontaneous bradyzoite formation is seen when 
Toxoplasma in certain cell types such as neurons, skeletal muscle, or host cells that express 
high levels of cell division autoantigen-1 [23–25].
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Although IFNγ and chemical nitric oxide donors have historically been used to cause stage 
conversion in vitro [26,27], these agents were only modestly successful at inducing the 
switch from tachyzoite to bradyzoite [28]. Importantly, bradyzoite conversion can be 
achieved with non-immunologic factors such as heat shock, oxidative stress, and most 
commonly, by culturing the parasites in alkaline media while inducing pyrimidine starvation 
through CO2 deprivation [28,29]. The heterogeneity in signals that are able to mediate 
bradyzoite differentiation raises the possibility that environmental sensing through a general 
stress response mechanism is central to the development of latency.
The theme of stress-induced stage switching also appears to hold true when looking at the 
environmental changes associated with the transition towards latency other apicomplexan 
latent stages. For example, Toxoplasma oocysts encounter differences in temperature, 
humidity, osmolarity, and nutrient deprivation after excretion from the feline host, any of 
which could serve as a signal for sporulation and latency. Changes in local environment are 
also coincident with Plasmodium latency. Quiescence is associated with the migration of 
sporozoites from the mosquito midgut to the salivary glands [9] and latency can be triggered 
upon chemotherapeutic treatment of infection (Box 1). The availability of nutrients also 
plays an important role in mediating parasitemia and latency of malarial blood stages. For 
example, recent work in P. berghei demonstrates that caloric restriction of the host is sensed 
by a parasite protein kinase that restricts the production of merozoites [30]. Also, ring stage 
parasites become quiescent in response to isoleucine starvation [31], and it is thought that 
latency in schizonts and gametocytes may be triggered by nutrition deprivation since the red 
blood cell hemoglobin is likely expended during these stages [32]. Furthermore, 
gametocytogenesis preferentially occurs in nutrient-poor reticulocytes and the in vitro 
production of gametocytes can be favoured by prolonged cultivation, raising parasitemia 
thus reducing available nutrients [33]. In both parasites, the quiescent stages mentioned here 
share the features of persistent latency, the ability to be transmitted, and a noted stressful 
environmental change, suggestive that a common pathway mediates the switch to latency.
BOX 1
Chemotherapy and latency
Many pharmacological compounds can shift parasites towards latency. For example, 
atovaquone induces conversion to bradyzoites through the inactivation of the parasite’s 
mitochondria [112]. More importantly however is the phenomenon that latent stage 
parasites tend to be resistant to chemotherapeutics. Although many approved treatment 
regimens exist for malaria, they mainly treat the asexual blood stages and are ineffective 
against mature gametocytes, such is the case for front-line artemisinin-based therapy 
[8,113]. Other treatment regimens based on pyrimethamine and atovaquone both increase 
gametocyte densities, leaving the pool of transmissible parasites untouched and actually 
increasing the efficiency of transmission [114,115]. Primaquine-based therapies are 
effective at clearing latent gametocytes as well as hypnozoites in P. vivax and 
Plasmodium ovale, however they are ineffective against Toxoplasma [116].
Along with the general ineffectiveness against latent parasites, many other issues are 
present with the aforementioned drugs. These include the emergence of resistant parasite 
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strains, toxicity to the host, or limitations of their usage due to other contraindications. To 
address these issues, there is an ever-present need to develop new pharmacological agents 
that act through independent mechanisms of action and are effective against latent 
parasites [117]. Translational control has emerged as a promising target. Two selective 
eIF2 phosphatase inhibitors, salubrinal and guanabenz, have been shown to increase 
Toxoplasma eIF2 phosphorylation in vitro [51]. These drugs also reduce replication by 
inducing the conversion of tachyzoites into bradyzoite-containing cysts with abnormal 
morphology [51,52]. They were also effective against P. falciparum in vitro, indicating 
that they likely display broad-spectrum anti-apicomplexan activity [52]. Most 
interestingly, guanabenz, which is FDA-approved and can cross the blood brain barrier, 
was effective at reducing the cyst burden in the brains of chronically infected mice [52]. 
This underscores that the tight control of protein synthesis is critical to maintaining 
parasite viability in both replicative and latent parasite stages and targeting this 
translational control mechanism can be a viable drug target to assist in the reduction of 
latent apicomplexan parasite stages.
Environmental sensing and the integrated stress response
The ISR is conserved among eukaryotes and serves as a key regulatory mechanism for cells 
to respond to stressful stimuli by initiating a particular gene expression regimen suited to 
mitigating their effects [3]. While the ISR plays a pro-survival role when induced under a 
variety of acute stresses, its sustained activation has been implicated in apoptosis and cell 
differentiation in multicellular organisms [4–7,37]. Although the downstream targets of the 
ISR in apicomplexans have yet to be discovered, the upstream components are conserved 
and underscore the antiquity of this machinery in eukaryotic evolution. For example, the 
cognate phosphorylated residue on the alpha subunit of eIF2, is conserved in Plasmodium 
spp. and Toxoplasma and it has been shown to be activated in response to a variety of 
stresses including those that induce differentiation [31,35–39]. Furthermore, eIF2 
phosphorylation is maintained in latent stages and those parasites that cannot maintain this 
mark display reduced viability to stressful insults and have an impaired ability to maintain 
quiescence [9,37,38,40,41], underscoring its importance as a driving force in managing 
apicomplexan latency. In metazoans, phosphorylation of eIF2 is mediated by a family of 
four different serine/threonine kinases, each activated by different cellular stresses (Box 2). 
Similar eIF2 kinases are represented within the genomes of both these apicomplexan 
parasites, with Toxoplasma encoding four kinases termed IF2K-A through -D while 
Plasmodium spp. encodes eIK1, eIK2, and PK4, each comprising unique regulatory regions 
that allow for activation by different stress conditions [37,42] (Figure 2). Some of these eIF2 
kinases are developmentally regulated during the parasites’ life cycles, indicating that an 
interplay between different mechanisms including their transcriptional regulation and their 
environmentally-controlled activation converge to play unique roles at mediating the 
differentiation of certain life cycle stages.
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BOX 2
Metazoan eIF2 kinases and the ISR
Stress-sensing serine/threonine protein kinases that initiate the ISR fall into four distinct 
classes. Heme-regulated inhibitor (HRI) kinases are activated upon heme deprivation and 
oxidative stress while protein kinase RNA-activated (PKR) kinases mediate the response 
to viral infection [3,34]. HRI and PKR kinases do not appear to have orthologues in 
apicomplexan parasites. PKR-like endoplasmic reticulum kinase (PERK) is a 
transmembrane protein that spans the ER membrane and coordinates the response to 
perturbations within the ER lumen. In the presence of misfolded proteins, the ER-resident 
protein folding chaperone Binding immunoglobulin Protein (BiP) dissociates from 
PERK, causing the kinase to dimerize, autophosphorylate, and initiate the ISR [3,34]. 
One of the most conserved stress-sensing kinases is general control nondepressible 2 
(GCN2). In addition to the catalytic domain, GCN2 kinases contain a domain with 
homology to histidyl-tRNA synthetase that binds uncharged tRNAs and initiates the ISR 
under poor nutrient conditions, such as amino acid starvation [3,34]. Together, these 
protein kinases are able to respond to a variety of stressful stimuli and integrate their 
activity by phosphorylating the alpha subunit of eIF2.
In metazoans, eIF2 phosphorylation stimulates the production of downstream effectors 
that mediate stress adaptation. They include the transcription factor ATF4 as well as the 
protein phosphatase 1 regulator GADD34, which targets eIF2 for dephosphorylation in a 
negative feedback loop [3,118]. While some of these “canonical” downstream effectors 
are present in yeast and metazoans, they are not present in protozoans and plants. Instead 
other effector proteins take their place. For example in Arabidopsis thaliana, the stress-
responsive transcription factor TBF1 is translationally regulated by eIF2 phosphorylation 
and GCN2 plays an important role in seed germination [5,119]. In the protozoan 
Dictyostelium discoideum, GCN2-mediated eIF2 phosphorylation is required for the 
production of the bZIP transcription factor BzpR which plays an important role in 
differentiation [4]. While the downstream ISR effectors involved in driving Plasmodium 
and Toxoplasma differentiation and latency remain to be discovered, the eIF2-controlled 
production of transcription factors is likely to contribute greatly to this process.
The PERK family of eIF2 kinases is represented by IF2K-A and PK4, indicating that this 
branch of the pathway sensing endoplasmic reticulum (ER) stress is conserved in 
apicomplexan parasites. In Toxoplasma, IF2K-A is essential, localizes to the parasite ER, 
and associates with the ER-resident BiP chaperone in a stress-dependent manner [36,37]. 
Experimentally, eIF2 is phosphorylated in response to ER stress caused by the calcium 
ionophore A23187 and tunicamycin, chemicals that induce ER stress by perturbing 
intracellular calcium homeostasis and N-linked protein glycosylation, respectively [37]. 
Plasmodium PK4, with a similar domain architecture to PERK and IF2K-A, is also likely to 
respond to ER stress in similar fashion [40]. PK4 appears to be essential for the completion 
of the developmental stages within the red blood cell [40,43]. This eIF2 kinase may play its 
most important role during the dynamic reorganization of the parasite ER seen during the 
blood stages. Early proliferative stages display a large expansion of the ER, which might 
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mitigate the stress associated with the buildup of unfolded proteins within the ER lumen 
[44,45]. In contrast, latent schizonts exhibit a drastic reduction in their ER [44], suggesting 
that the parasites have a reduced capacity to buffer ER stresses and may place a heavier 
reliance on PK4. ER stress is also important for gametocytogenesis, indicating a role for 
PK4 in sexual commitment [46].
The GCN2 members of the eIF2 kinase family, which provide for a protective response to 
amino acid starvation, are also conserved in Apicomplexa. Although dispensable for 
completion of the life cycle, Plasmodium GCN2 eIK1 phosphorylates eIF2 in response to 
isoleucine depletion, which causes the parasites to arrest at the ring stage of development 
[31,35]. Toxoplasma encodes two non-essential GCN2-like paralogues. However, these eIF2 
kinases play important roles in protecting the parasite against amino acid starvation under 
unique circumstances. While IF2K-C mediates the response under conditions of glutamine 
starvation for intracellular tachyzoites, IF2K-D phosphorylates eIF2 in extracellular 
tachyzoites, thereby increasing their viability [47,48]. The distinct stress activation of the 
two GCN2 paralogues in Toxoplasma is particularly interesting because both are expressed 
in the parasite at the same time and both kinases have similar domain architecture, with the 
exception of the RWD domain being present in IF2K-D [47,48] (Figure 2). In other 
eukaryotes, the RWD domain of GCN2 binds the regulatory protein GCN1. GCN1 facilitates 
the binding of uncharged tRNAs to the histidyl-tRNA synthetase domain of GCN2, which is 
central for activation of this eIF2 kinase during amino acid limiting conditions [34]. 
Although the GCN2 kinase family is well represented within these parasites, their 
contribution towards driving or maintaining the transmissible latent stages remains to be 
explored.
Each parasite also encodes an eIF2 kinase that only exhibits homology within its protein 
kinase domain and does not contain any identifiable activation domain. Toxoplasma IF2K-B 
has yet to be studied in depth, but appears to be essential in tachyzoites and has been 
suggested to act in response to oxidative stress [37]. In contrast, the biological role of the 
plasmodial kinase eIK2 (also called Upregulated In Sporozoites 1, or UIS1) is well-defined 
in promoting the latency of transmissible salivary gland sporozoites. eIK2 appears to 
phosphorylate eIF2 without any known stress-induced activation. However, its transcription 
is highly restricted to the terminal mosquito stage with UIS1 being the most highly 
upregulated transcript in infectious sporozoites [9,49]. Illustrating the importance of the ISR 
to parasite latency, uis1/eik2 knockout sporozoites, which are unable to phosphorylate 
Plasmodium eIF2, prematurely transform into liver stage parasites, and are severely 
compromised in their transmissibility. These findings indicate that their quiescence becomes 
compromised when this important regulatory pathway is disrupted [9]. This premature 
transition from latent to replicative stages, as well as the involvement of other eIF2 kinases 
in bringing about transient and/or long term quiescence, underscores the key role eIF2 
phosphorylation plays in orchestrating gene regulation to promote either latency or 
proliferation as needed.
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eIF2 is the gatekeeper of the ISR and latency
In Toxoplasma and Plasmodium spp., eIF2 is phosphorylated in response to stressful insults 
and has been shown to accompany all latent stages thus far examined, which include 
extracellular tachyzoites, bradyzoites, rings, schizonts, gametocytes, and salivary gland 
sporozoites [9,31,36–41,47,48,50]. Furthermore, while replacement of endogenous eIF2 
with a non-phosphorylatable version is lethal in Plasmodium berghei, this substitution 
results in reduced viability for extracellular Toxoplasma tachyzoites, implicating the ISR 
plays in the maintenance of latency [9,38]. Most importantly, modulating eIF2 
phosphorylation status has a direct effect on initiating stage conversion from proliferative to 
latent stages or on the maintenance of latency. For example, treatment of Toxoplasma with 
the small molecular inhibitors of eIF2 dephosphorylation, salubrinal or guanabenz, leads to 
an accumulation of phosphorylated eIF2 in the parasite, an induction of bradyzoite gene 
expression, and the conversion of tachyzoites into bradyzoites [37,51,52]. In keeping with 
this theme, salivary gland sporozoites convert prematurely to liver stage parasites when the 
eIF2 kinase eIK2 (UIS1) is knocked out and conversely, a knockout of the putative eIF2 
phosphatase UIS2 impairs the ability of latent sporozoites to convert into liver stage 
parasites [9,41]. Taken together, these results illustrate the central role the ISR plays in 
parasite life cycle progression.
Key to the ISR is the concurrent dampening of the general capacity of cells to produce 
proteins while selectively promoting the translation of mRNAs that encode stress-responsive 
proteins; both of these processes are tightly controlled through eIF2 phosphorylation (Box 
3). A decrease in protein synthesis indeed occurs in these parasites upon eIF2 
phosphorylation, indicating that the translational repression that is observed upon 
canonical ISR activation is conserved in apicomplexans [9,37,38,48,50]. Preferential 
translation of stress-responsive transcripts is another feature of the ISR that promotes 
adaptation or cellular differentiation [53]. These preferentially translated mRNAs are 
typically involved in gene transcription, protein folding, and cell signaling [3,53], but there 
is limited or no homology of these factors in Apicomplexa. Since the ISR appears to be 
intimately linked to parasite differentiation, identifying the transcripts more efficiently 
translated in stressed parasites will likely reveal key regulatory factors that act early in the 
conversion process.
BOX 3
Regulation of protein synthesis by eIF2
The steps of protein synthesis can be broken down into three broad phases, namely 
initiation, elongation, and termination. While each phase is subject to its own regulatory 
processes, the initiation steps are rate-limiting and tightly controlled through modulation 
of eIF2 function [118]. This translation initiation factor, which is made up of α, β, and γ 
subunits, is responsible for binding both GTP and the Met-tRNAiMet, forming the ternary 
complex that provides the first amino acid to newly synthesized proteins. Upon 
recognition of the coding sequence by the ribosome, eIF2 hydrolyses its GTP and departs 
the elongating ribosome, having delivered its tRNA cargo. The GDP-bound eIF2 is non-
functional until its nucleotide cofactor is exchanged for a fresh GTP, an activity that is 
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carried out by the guanine nucleotide exchange factor, eIF2B. After this exchange is 
carried out, a recycled ternary complex is able to initiate a new round of protein 
synthesis. Importantly, phosphorylation of the eIF2α subunit increases the affinity of 
eIF2 for eIF2B, making the guanine nucleotide exchange factor less efficient [118]. In 
short, stress prompts eIF2 phosphorylation, which increases eIF2’s affinity for eIF2B, 
leading to a reduction in the availability of functional eIF2 [3,53]. This in turn limits the 
amount of active GTP-bound eIF2 available for initiating new rounds of translation and 
therefore decreases the global amount of protein synthesis. Decreased amounts of 
available ternary complex can also promote the translation of transcripts that contain 
uORFs [3,53]. While the particular mechanisms vary, during stressed conditions, the 
inhibitory uORF start codons can be skipped by scanning small ribosomal subunits [53]. 
This allows for translational initiation to occur at a downstream start codon, promoting 
the translation of stress-responsive proteins [3,53].
In Toxoplasma extracellular tachyzoites, a number of transcripts that are lowly translated in 
non-stressed conditions become heavily translated following ER stress, indicating increased 
efficiency of their translation [50]. These preferentially translated mRNAs encode heat 
shock proteins, aminoacyl tRNA synthases and other translational machinery, as well as 
those that mediate transcriptional responses like chromatin remodeling and transcription 
factors. These findings indicate that parasites use translational control to reprogram gene 
expression to adapt to stress, an outcome that parallels the short-term consequences of ISR 
activation in other species [3,50]. A transcriptional response was also induced upon ER 
stress in tachyzoites that included the induction of genes that encode bradyzoite surface 
antigens, putative transcription factors, and RNA regulatory proteins such as the RNA-
binding protein PUF1, which likely has a role in translational repression [50,54]. Since 
epigenetic remodeling and changes in gene transcriptional regimens are known to be 
important for bradyzoite development and stage switching towards latency in general, these 
translational and transcriptional responses support the idea that the sensing of stress 
mediated through eIF2 phosphorylation can drive parasite differentiation [1,2,55].
The mechanism by which stress-induced preferential translation occurs in other organisms 
has been widely attributed to the presence of small upstream open reading frames 
(uORFs) located within the 5′ leader of protein-coding transcripts [53]. Although a 
collection of uORF-containing transcripts was reported to be preferentially translated under 
ER stress in extracellular tachyzoites, the validation and function of these uORFs have yet to 
be experimentally validated [50]. Both Toxoplasma and Plasmodium genes generally encode 
unusually long 5′ leaders compared to other organisms [56–58]. Consequently, many genes 
are predicted to contain uORFs based exclusively on sequence analysis, underscoring the 
need for experimental validation. Experimentally validated uORFs remain unexplored in 
Toxoplasma and only two examples have been seen in Plasmodium to date, one in the 5′ 
leader encoded in the var2csa variant of the PfEMP1 gene family and another within gene of 
unknown function [58,59]. The signal that promotes var2csa protein production remains 
elusive but its translation involves ribosome reinitiation after uORF translation and is 
associated with a Plasmodium-specific translation enhancing factor that binds ribosomes, 
suggesting that changes to the translational machinery permit altered functionality [60,61].
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Translational control ultimately leads to rapid reprogramming of gene expression that directs 
the mobilization of transcriptional machinery. In Apicomplexa, transcription is regulated by 
factors containing a plant-like DNA-binding domain known as AP2 [1,62]. In Plasmodium, 
AP2 factors have been shown to regulate stage-specific gene expression required for life 
cycle stage differentiation [63–69]. Similarly, in Toxoplasma, a complex interplay of 
transcriptional activators and repressors are involved in coordinating bradyzoite conversion 
[70–73]. Epigenetic changes such as histone modifications also contribute to the activation 
and repression of stage-specific genes during latency [55,67]. Importantly, induction of the 
ISR in Apicomplexa includes the preferential translational and transcriptional upregulation 
of select AP2 factors and epigenetic machinery [46,50]. These findings reveal a significant 
role for the ISR to play in the initial commitment of these parasites to latency. Translational 
control likely initiates the gene expression regimen necessary for stage conversion, yielding 
its influence to epigenetic and transcriptional control as the parasites differentiate and adapt 
to their environment.
Translational control in the maintenance of latency
The generalized translational repression that occurs as a consequence of the ISR also 
induces the aggregation of mRNAs into cytoplasmic foci known as stress granules [74,75]. 
Stress granules play an integral part in the ISR by sequestering non-translated mRNAs away 
from the limited active translation machinery [75]. The sequestration of transcript into these 
granules limits the energy requirements of the cell and frees up the machinery to translate 
the transcripts that encode stress-responsive proteins [75]. While the appearance of these 
messenger ribonucleotide particles (mRNPs) remains to be reported in Plasmodium, the 
stress-induced assembly of RNA-containing cytoplasmic foci has been described in 
Toxoplasma [76].
Stress granules were first described in extracellular tachyzoites responding to a high 
potassium buffer designed to mimic the host cytoplasmic environment, suggesting that they 
form naturally during egress [76]. Other treatments such as exposure to sodium arsenite or 
salubrinal also give rise to stress granules, indicating that they function in an eIF2-dependent 
manner as in other systems [74,76]. Although the known composition of Toxoplasma stress 
granules remains limited to polyadenylated mRNA and a few RNA-binding proteins [76–
78], it is likely that they also contain stalled translational initiation machinery.
Another key attribute of stress granules is their transient nature. Their contents remain in 
flux with the active translational machinery as well as distinct foci known as processing 
bodies, which themselves are centres of mRNA decapping, deadenylation, and decay 
[74,75]. Treatment with the translation elongation inhibitor cycloheximide causes stress 
granule dissolution, confirming that the mRNAs contained therein can shuttle in and out of 
Toxoplasma stress granules [77]. The fact that the same stressful insults that trigger eIF2 
phosphorylation also induce the formation of mRNP granules [48,51,76] along with the 
observation that both the ISR and mRNP granules promote extracellular tachyzoite viability 
[48,76] indicate that these mRNP aggregates are indeed canonical stress granules that are 
instrumental to the parasite life cycle.
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While stress granules have been associated with the short-term translational repression that 
accompanies the ISR, the characteristic exchange between transiently repressed mRNAs 
with the actively translating pool of transcripts is not compatible with the sustained 
transcript-specific translational repression that is characteristic of latency. Multiple studies 
have revealed that specific mRNAs are abundant in latent parasites but are not translated into 
protein [63,79–87]. These findings indicate that a stable pool of transcripts is maintained in a 
persistent state of translational repression likely involving a distinct type of cytoplasmic 
mRNA-containing granule. Typically, these transcripts encode proteins that are needed for a 
subsequent developmental stage such as metabolic enzymes, gene regulatory machinery, and 
cell signaling effectors. A few of the many examples include lactate dehydrogenase 1, which 
is repressed in bradyzoites, the ookinete-specific AP2-O transcription factor in specific 
Plasmodium gametocytes, and the UIS2 phosphatase that is transcriptionally upregulated in 
salivary gland sporozoite but not expressed at the protein level until the liver stages 
[41,63,79]. Most interestingly, at least some of the repressed transcripts can be sequestered 
in mRNA-containing granules in latent plasmodial stages [9,82,88].
Distinct from stress granules, germ granules are mRNP cytoplasmic foci that contain stably 
repressed transcripts for extended periods of time and are commonly seen in metazoan 
oocytes before their fertilization [89,90]. Like persistent latent parasite stages, animal 
oocytes also exist in a non-replicative state for an extended period of time and maintain a 
steady pool of repressed transcripts that are necessary for developmental progression [89]. 
Many parallels can be drawn between classic germ granules and the germ-like granules that 
have been shown in Plasmodium because they are similar in both composition and function. 
For example, the p25 and p28 transcripts are recruited to female gametocyte mRNPs 
[82,86,91,92]. This translational control by sequestration into germ-like granules requires 
the RNA-binding protein DOZI, the plasmodial homologue of the DEAD box helicase rck/
p54, which plays a similar role in metazoans [82,91–97]. The RNA-binding protein PUF2 is 
responsible for recognizing these transcripts in female gametocytes and is necessary for 
correct gametocytogenesis [86,98]. PUF2 also plays a role in recruiting transcripts to germ-
like granules in sporozoites through recognition of the nanos response element, factors and 
features also used similarly in metazoans [84]. Many other proteins are present within these 
germ-like granules, some of which are developmentally regulated. Other notable mentions 
include CITH, SAP1, PUF1, and ALBA proteins as well as polyA-binding protein [9,92,99–
101]. Importantly, while germ-like granules have not yet been described in Toxoplasma, 
clear homologues to most of the previously mentioned proteins are present and have shown 
granular cytoplasmic distribution under certain conditions [54,77,78]. Considered with the 
observation that stable translational repression is mediated by specific transcript-encoded 
signals [84,91,102], there is a strong likelihood that a similar mRNP-based strategy is used 
throughout latent developmental stages in apicomplexan parasites.
The maintenance of parasite latency depends on the sustained sequestration of important 
transcripts within germ-like granules since their disruption causes destabilization and/or 
premature translation of their contents [41,82,99]. For example, puf2 knockout sporozoites 
prematurely transform into liver stage parasites independently of the normal environmental 
cues used to induce this conversion process [84,103,104]. Normally, these storage granules 
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are maintained in sporozoites but are quickly dissolved upon entry into liver cells where they 
can release their contents, including the uis2 transcript [41,84]. eIF2 is maintained in a 
phosphorylated state in salivary gland sporozoites, and the transcript that encodes the UIS2 
phosphatase responsible for resolving this inhibitory state is translationally repressed [41]. 
UIS2 is prematurely translated in puf2- sporozoites, causing their premature conversion 
[41,84,103]. Therefore, a model emerges where the dissolution of germ-like granules occurs 
after entry into liver cells, allowing the UIS2 phosphatase to be synthesized [41]. Elevated 
levels of UIS2 would then lower eIF2 phosphorylation and the accompanying translational 
repression that is characteristic of sporozoites and latency [41].
While there are other examples of RNA-binding proteins regulating other transcripts by 
stage-specific sequestration [88], the above example demonstrates that translational control 
operates in both the promotion of latency as well as the inhibition of developmental 
progression until the parasite encounters the appropriate changes in its environment. This 
method of maintaining key transcripts translationally repressed in advance of transmission to 
a new host has many benefits, perhaps the most notable of which is the quick turnaround 
time between changing environments and producing key proteins involved in mediating the 
conversion from latent to proliferative stages.
Concluding remarks
Apicomplexan parasites have developed elegant mechanisms to endure unfavourable 
conditions and be transmitted to new hosts through the use of latent life cycle stages. These 
parasites have a well-developed capacity to sense changes to their environment and employ 
an ISR to initiate rapid adaptive changes that can include progression to a latent state. 
Multiple layers of gene regulation are involved in the switch from proliferative to dormant 
stages, including important epigenetic and transcriptional effects that have been extensively 
reviewed [1,2,105,106]. The eIF2 kinases provide a mechanism to not only sense 
environmental insults, but initiate preferential translation that leads to the reprogramming of 
gene expression required for latency. Similarly, translational repression during quiescence is 
an essential post-transcriptional regulatory feature that keeps critical transcripts at the ready 
until needed to resume replication.
While the topics of stress, translational control, and latency have been best characterized in 
these two apicomplexan parasites, the concepts are likely applicable to other members of the 
phylum and to a certain extent other protozoans as well. It is notable that eIF2 
phosphorylation and mRNP granules accompany differentiation in the kinetoplastids such as 
Trypanosoma cruzi and Leishmania infantum, and eIF2 phosphorylation has also been 
implicated in Entamoeba spp. encystation [89,107–111]. Key priorities for the future include 
the identification of downstream ISR effectors in these parasites as well as determining 
which kinases and naturally occurring environmental signals mediate each specific 
developmental transition (see Outstanding Questions). As we gain more knowledge 
regarding the mechanisms of parasite latency, we are finding new points of interference that 
may lead to novel drug treatments in the future.
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Outstanding questions
What role might the ISR play in formation of Toxoplasma sporulated oocysts and 
Plasmodium hypnozoites?
What stresses activate the parasite-specific eIF2α kinases eIK2 and IF2K-B? Do 
the eIF2α kinases have additional substrates?
The mechanism of preferential translation has yet to be fully elucidated in 
Apicomplexa in the context of latency. Do apicomplexan mRNAs use uORFs in 
the same manner as higher eukaryotes to regulate translation?
Well-conserved downstream effectors of the ISR do not have clear homologues in 
Apicomplexa. What are the mRNAs that are preferentially translated during 
various stresses in Apicomplexa and do they include the key effectors that initiate 
stage-switching?
Translational control appears to play a modest role during the asexual blood stages 
in Plasmodium despite differences in the pool of phosphorylated eIF2. How is 
robust translation permitted during the latent schizont stage and does this apply to 
other latent stages and Toxoplasma? Is there a stage-specific remodeling of the 
translational machinery?
The eIF2α phosphatase UIS2 is tightly regulated in Plasmodium sporozoites with 
implications to parasite development and transmission. What is the eIF2α 
phosphatase in Toxoplasma and does its regulation have similar importance to the 
control of latency?
Repressed transcripts play a major role in latent Plasmodium stages and their tight 
control is required for proper transmission. Do Toxoplasma latent stages possess 
similar germ-like granules and if so, what transcripts do they contain?
Artemisinin induces oxidative stress, global translation repression, and dormancy 
in Plasmodium ring stages. Is eIF2α phosphorylated in the artemisinin-induced 
dormant parasite and if so, by which kinase? How does this relate to artemisinin-
resistant parasites?
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Glossary
5′ leader
more commonly known as the 5′ untranslated region (UTR) of an mRNA. Because the 5′ 
leader may contain translated uORFs, 5′ leader is a more accurate term.
Eukaryotic initiation factor 2 (eIF2)
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translation initiation factor that, along with GTP, brings the first charged tRNA to the 
ribosome to begin translation.
Germ granule
cytoplasmic particle consisting of repressed mRNAs and RNA-binding proteins. Stably 
sequesters mRNAs for long durations.
Integrated stress response (ISR)
a stress-induced post-transcriptional gene regulatory regime that protects cells by decreasing 
general translation while selectively translating a subset of mRNAs.
Latency or quiescence
reversible or non-reversible stage characterized by diminished metabolic throughput, non-
proliferation, and increased viability in response to stress.
Stress granule
cytoplasmic particle consisting of accumulated non-translating mRNAs and translational 
machinery. Transiently sequesters mRNAs under stressful conditions.
Translational control
selective mRNA translation or repression.
Translational repression
mRNAs that have detectible steady-state levels but that are not translated are translationally 
repressed.
Upstream open reading frame (uORF)
begins with a translational start codon located within an mRNA’s 5′ leader and ends at an 
in-frame stop codon. Distinct from the mRNA’s coding sequence.
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Trends
Latent stages are critical to both pathogenesis and transmission of apicomplexan 
parasites
Differentiation into a latent stage can be induced by stress, which is sensed by 
eIF2α kinases that initiate the integrated stress response
The integrated stress response causes a decrease in general protein synthesis that 
diverts energy into the preferential translation of certain mRNAs likely to drive 
progression to latency
Translational control helps maintain parasite latency until transmission, after 
which the process is reversed and proliferation resumes
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Figure 1. Proliferative and latent stages in Toxoplasma gondii and Plasmodium spp
Apicomplexans utilize latency to maintain viability and infectivity in response to different 
signals such as exposure to the extracellular environment, pH variation, alterations in 
temperature, the host immune response, oxidative stress, nutrient deprivation, and exposure 
to chemotherapeutics. In response to these environmental changes, the translational initiation 
factor eIF2 is phosphorylated, activating the gene regulatory regimen known as the 
integrated stress response that directs the parasites to modify their metabolism and 
differentiate into latent forms. Upon transmission, changes in the parasite’s environment 
occur and eIF2 phosphorylation is alleviated, signaling developmental progression. Arrows 
represent differentiation between latent and proliferative forms. Parasites are not in scale.
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Figure 2. Schematic of eIF2 kinase architecture from Toxoplasma gondii and Plasmodium 
falciparum
The parasite eIF2 kinases are illustrated to scale with the amino acid length indicated below 
each. Each of the eIF2 kinases encode a single protein kinase domain represented by a red 
box. The lengths of the kinase domains are variable among the eIF2 kinases because of the 
different sizes of the insert sequences (black hatching) that are hallmark features of the eIF2 
kinase families. Both organisms encode a PERK-like kinase with a predicted transmembrane 
domain (black line). The GCN2-like kinases each contain a HisRS-related domain (blue 
box) that binds uncharged tRNAs which are responsible for kinase activation. IF2K-D also 
has an RWD domain (yellow box) that binds the regulatory protein GCN1. The signals that 
activate each eIF2 kinase and their cellular locations are listed to the right. ER, endoplasmic 
reticulum; a.a., amino acid.
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